We explore the effects of a statewide policy change that increased the number of high school math courses required for admission to four-year public universities in North Carolina. Using data on cohorts of eighth-grade students from 1999 to 2006, we exploit variation by district over time in the math course-taking environment encountered by students. Purely as a result of a student's year of birth and location, students faced different probabilities of encountering a sequence of math courses sufficient to qualify for admission. Within an instrumental variables setup, we examine effects of this policy shift. We find that students took more math courses in high school following the state's announcement, with relatively larger increases for students in the middle and bottom quintiles of their eighth-grade math test scores. Our results suggest this increased math course-taking led to higher high school graduation rates. It also led to increases in enrollment rates at universities in the University of North Carolina system, with the largest increases being in the quintiles of student achievement from which universities were already drawing the bulk of their enrollees. Finally, we find scant evidence of boosts in postenrollment college performance due to increased math coursetaking in high school. 
INTRODUCTION
In April 2000 the state of North Carolina announced an increase in the minimum number of math courses students would need to take to be considered for admission as undergraduates to any of the University of North Carolina's (UNC's) fifteen four-year institutions. Previously, students had been required to take at least three math courses in high school to be eligible for admission. The new standard required a minimum of four math courses and applied to all students graduating from high school in the 2005-06 school year or after. 1 The state justified this increase in required math preparation by arguing that it would improve college success. But there has been no assessment to date of whether these hopes were in fact realized or, indeed, whether the beefedup requirements had any effect at all. After all, it is likely that many students in the state would have taken four math courses in high school whether or not the state had increased the mandated number.
The purpose of this paper is to assess the effects of this increase in the mandated minimum number of math courses. This assessment entails two separate questions. One is whether the policy affected actual course-taking among high school students. In exploring this question, we are attentive to the likelihood that the new standard might have a bigger effect on some groups of students than on others. The other question is whether any such changes in high school course-taking, together with the threat of being denied admission, affected behavior, as revealed in rates of high school graduation, college enrollment patterns, or students' choices or performance once enrolled. Enrollment refers to whether and where students went to college within the UNC system. Beyond enrollment, we examine several in-college outcomes for those who did attend a UNC institution, including students' choice of major, their grades in college, and graduation. In addition, we look to see whether the new requirement affected progress toward completion in high school.
We cannot simply look at the relationship between the number of math courses individual students take in high school and their subsequent college enrollment and college success, however, because math-taking is not exogenous to the student and is influenced by a number of factors that also shape college-going. Instead, we use acrosscohort variation in districts' responses to the state's announced policy change as an instrument in our student-level models explaining UNC enrollment, choice of major, and post-enrollment performance. These differences in how quickly and comprehensively districts responded to the state mandate are exogenous to the students, even though the students themselves had choices regarding how many math courses to take and when.
The study extends the existing literature in three ways. First, it sheds light on how a policy change at the university level can affect the behavior of students in high school. Second, it adds to the literature about the effects of math course-taking in high school on college enrollment and college success. Third, it distinguishes two effects of a policy ostensibly pertaining to college attendance: one purely related to course-taking in high school and the other a combination of that first effect and the effect of restrictions on college admission.
We present four sets of findings. The first of these is consistent with the expectation that the increased requirements would influence the number of high school math courses taken by at least some students. Throughout our analysis we categorize students by their math aptitude as measured by their performance on the required eighthgrade math end-of-grade test, with performance divided into quintiles, ranked from low to high. Many students, particularly those in the higher quintiles, were already taking four math courses by the time the minimum number was increased, so the new requirement presumably had little effect on them. But overall we observe greater-than-expected increases in the share of students who, using the proxy we have (whether a student took Algebra II by eleventh grade), were in a position to meet the new four-course standard. We cannot prove these increases were due to the policy, but it is reasonable to think that at least most of them were.
Second, we find that rates of high school graduation were influenced by the rigor of the math offerings in schools, as indicated by the share of students who had taken Algebra II by eleventh grade. The increase in rigor, applied unevenly across the state following the announcement of the new policy, boosted rates of on-time high school graduation.
The third set of findings relates to whether the increase in math courses affected predicted enrollments in one or more of the state's public university campuses and, if so, which ones. As we will explain further, we divided the fifteen campuses into four groups. Because the increases in math courses were largest for students with eighthgrade math scores in the lowest three quintiles, we expected that the branch campuses whose students traditionally come from those quintiles would have experienced the biggest predicted increases in enrollment due to the changes in math course-taking in high school. Our findings largely confirm this expectation, but we were surprised to find increases in predicted enrollment among fourth-quintile students in nonminorityserving institutions, campuses where students in that quintile were already common.
We believe this third set of findings represents causal effects of the policy change. Comparing these predicted changes to the actual changes in enrollment rates by quintile and branch group reveals some large differences, suggesting other factors were at work as well as the minimum course requirement policy. One factor was capacity. Few of the branches of the university were prepared for large changes, up or down, in total enrollment. Therefore, it would not be surprising if their admissions decisions became tougher or easier as a result of changes in student demand. Other factors, including demand for admission spots from out of state, the effects of SAT coaching, or the extraordinary rise in the incomes of the most affluent families, could easily have overwhelmed the effect of the policy itself.
The fourth set of findings relates to whether the minimum course requirement affected the behavior of students once they enrolled in one of the branches. Here we find virtually no results of significance.
In sections 2 through 4, we provide background on the 2000 policy change, review the small literature on the relationship between math courses taken in high school and subsequent success in college, and describe the dataset we use to analyze the policy. In section 5, we examine patterns of course-taking in the state's high schools, looking for evidence that the state's new mandate affected those patterns. Section 6 describes the instrumental variables (IV) approach that we use to estimate the effects of the increase in the minimum course requirement. Section 7 examines the effect on high school graduation. Section 8 discusses the potential for differences in impact across the system's fifteen branches on college enrollment and presents IV estimates of how changes in high school course-taking shape predicted enrollment rates across the UNC system.
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In section 9 we turn our attention to the possible effects of the new mandate on college outcomes, and section 10 considers heterogeneity in the estimated effects. In the final section, we summarize our approach and findings.
high school diploma for everyone, but rather put teeth into the College/University Prep recommendation for students interested in going to college. 
RESEARCH ON THE RELATIONSHIP BETWEEN HIGH SCHOOL
MATH AND COLLEGE SUCCESS Although we know of no previous research that specifically examines the effects of a college admissions policy such as the one we study in this paper, there certainly has been research linking math course-taking to subsequent outcomes. Some research, motivated by the belief that knowledge of algebraic concepts is a precursor to success in more advanced math classes, has focused on early exposure to algebra (Adelman 2006) . Some studies explore the effect of offering algebra to more students before high school on students' subsequent academic performance during high school (e.g., Allensworth et al. 2009; Clotfelter, Ladd, and Vigdor 2015) . A related topic has been the effects of more (or "double-dose") algebra on short-run performance Allensworth 2009, 2013) as well as long-run outcomes like high school graduation and college entry (Cortes, Goodman, and Nomi 2015) .
The effects of high school math courses more generally on subsequent success has been the subject of several studies, including Rose and Betts (2001) , who studied a nationally representative sample of students in the high school class of 1982. They concluded that math courses, especially algebra and geometry, had a positive, significant, and causal effect on the probability of graduating from college. Likewise, Speroni (2011), using a regression-discontinuity design, found that students who took college algebra through a dual-enrollment program in Florida increased the probability they would graduate from high school and obtain a college degree. Long, Conger, and Iatarola (2012, p. 314) found that taking just one rigorous course early in high school increased subsequent academic performance and the likelihood of attending a four-year college, relative to taking no rigorous courses. In other work, these authors determined that differences among college students in the highest high school math course taken explain at least one fourth of racial, ethnic, and poverty gaps in readiness for college-level math (Long, Itatarola, and Conger 2009) . Beyond college, there is evidence that the amount of math required and taken in high school is associated with earnings after college.
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One apparent contrary finding is that of Klopfenstein and Thomas (2009) . Despite the observed positive correlation between advanced placement courses and subsequent college success, these authors find that the independent effect of having taken advanced placement math disappears once they control for other math and science courses. But this finding remains consistent with the view that math courses in total are important. In sum, the pertinent previous empirical research supports the view that a policy effective in increasing the amount of mathematics taken in high school would have the potential to boost college enrollment and the performance of those who did enroll in college.
5. In this sense they differed from changes in other states including Michigan which, in 2006, adopted the "Michigan Merit Curriculum" (MMC). The MMC emphasized academic preparation in math and science. In terms of mathematics, the MMC increased the required number of math courses from three to four for all high school students seeking a diploma. 6. See, for example, Rose and Betts (2001, 2004) . Goodman (2012) finds the association between required math courses and subsequent earnings is especially strong for economically disadvantaged students.
DATA
We analyze student-level administrative data collected by two state agencies-the Department of Public Instruction, which oversees the state's elementary and secondary schools, and the University of North Carolina General Administration, which oversees all of the state's four-year colleges and universities. Through the good offices of those agencies and the North Carolina Education Research Data Center, student records from the K-12 public schools were linked to student records from the UNC system, stripped of identifying information, and made available to us for this project. By following eighth graders in the state through their enrollment and success in the UNC system, we are tracing the progress of young people to and through the provider of baccalaureate education most often chosen by residents of North Carolina. Roughly three fifths of all North Carolina high school students who enrolled in a four-year college or university in the fall of 2012 went to one of the fifteen UNC campuses. 7 For public high school students, who constitute our sample, the share was no doubt higher.
As a part of the state's assessment program, all eighth graders in public schools take end-of-year tests in math and reading. Our dataset is made up of several cohorts of students who were eighth graders in one of these public schools. We organized students by cohort according to the score they made on the eighth-grade math achievement test.
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A student who started eighth grade in the 1998-99 school year, for example, belongs to a cohort we refer to as the 1999 eighth-grade cohort, or simply the 1999 cohort, and would have taken this test in the spring of 1999. In total, we use data on eighth-grade cohorts from 1999 to 2006.
For each cohort, we divided all the eighth-grade math test-takers in the state into quintiles and assigned each student accordingly. The K-12 administrative data also contain information on student characteristics, such as gender, race and ethnicity, eligibility for subsidized lunches (an indicator of low family income), and parents' educational attainment. 9 For students who subsequently enrolled in one of the university system's fifteen branches four years after the spring of their eighth-grade year, we obtained detailed information on college courses taken, grades, declared major, and graduation. Because of our focus on first-time, on-time enrollees, we necessarily miss any effects on later or returning college enrollees.
Crucial to our analysis is information on the mathematics courses that students took, because the number of such courses relates to the mandate whose effect we wish to measure. Ideally, we would gather this information simply by examining students' Tables 1 and 2 . Proportion is based on first-time degree-seeking residents of North Carolina, enrollments by control (public or private) and level, and percentages of undergraduates by control. It would be possible to estimate this share more exactly by using National Clearinghouse data, but it was not feasible to obtain these data for this project. 8. Any student repeating eighth grade was assigned to the cohort for her first year in that grade. In addition, we omitted students who were not also in the public school system in the seventh grade. We limited the sample to those who remained in public school through the ninth grade to eliminate those who dropped out at an early age or who enrolled in private high schools. 9. We were forced to drop the 2005 eighth-grade cohort for Wake County because of an obvious but unexplained data problem for that cohort. The number of observations contained in the raw data for that one cohort was less than 5 percent of the total size of either cohort immediately preceding or following it, suggesting a serious data problem.
middle school and high school transcripts. Unfortunately, such transcript information has only become available for recent years, not enough years to be useful for this study. We could not, therefore, count every math course a student took and thus cannot determine whether any particular student actually achieved the newly mandated four-course minimum either before or after the mandate took effect. However, we were able to do the next best thing: We could assess whether a student was in a good position to meet that minimum course requirement by using data we had on end-of-course tests to check whether a student took Algebra II by the end of eleventh grade. This is the crucial math course that constitutes the necessary foundation for any student who wishes to take four or more math courses before college. The wording of North Carolina's new fourcourse minimum explicitly identified this course as a fundamental building block, by requiring at least "one unit beyond Algebra II." Taking this course by eleventh grade therefore turns out to be a good indicator of a student's intention and ability to complete the minimum of four math courses by the end of high school. Accordingly, we adopt this indicator-having taken the end-of-course exam in Algebra II by eleventh gradeas our proxy for the intent and ability to comply with the four-course minimum.
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To assess the validity of this proxy, we compared it to actual course-taking using data for students in the 2006 eighth-grade cohort, a cohort for which complete transcript data are available. This comparison showed that our proxy worked for 83 percent of students in the 2006 cohort, correctly predicting completion of at least four courses for those who completed Algebra II by eleventh grade and predicting failure to complete four courses for those who did not complete Algebra II by eleventh grade.
11 It is worth noting that not all districts configure their high school math courses the same way, with some instead using a parallel set of math courses. But students subject to this parallel regime end up taking the same end-of-course test, thus making it straightforward to apply our criterion to them as well. Because our identification strategy relies on differences across districts in responses to the state's minimum course mandate, we drop students who were enrolled in charter schools. Each of these schools was free to establish and follow its own policy response to the change in the state's minimum course requirement.
10. The vast majority of districts offer the sequence of Algebra I, Geometry, and Algebra II, but a few march to a different drummer and designate their high school math courses using the term "integrated math," wherein Integrated Math I roughly corresponds to Algebra I, II to Algebra II, and III to Geometry. In issuing the mandated four-course minimum, the state actually provided for three different sequences of courses, since not all districts offer the same set of high school math courses. The sequence used by most districts is Algebra I, followed by Algebra II and Geometry. The corresponding first option specified by the state for complying with the new four-course mandate was those three courses plus "one unit beyond Algebra II." The second option specified by the state was to take Algebra I, Algebra II, and two courses beyond Algebra II. A third option was offered by the few districts using the "integrated math" designation. Thus, the third route allowed by the state was to take Integrated Math I, II, and III, plus one unit beyond Integrated Math III. In fact, very few districts use this sequence of courses, and those that do have their students take the same end-of-course tests as those in the conventional sequence. 11. In 14 percent of the cases, students took the Algebra II end-of-course test by eleventh grade but did not complete the minimum four math courses by the end of twelfth grade; in 3 percent of the cases they did not complete Algebra II by eleventh grade but ended up completing four courses by the end of high school, presumably by going to summer school or doubling up in their senior year. In comparison to the Algebra II criterion we used, and its 83 percent accuracy as a proxy, the accuracy rates for two alternative criteria were: 80 percent for having taken Algebra I and II plus Geometry by eleventh grade and 82 percent for having taken Algebra II plus Geometry by eleventh grade.
PATTERNS OF COURSE-TAKING IN HIGH SCHOOL
Before asking whether the state's increase in the minimum course requirement had any effect on UNC enrollment or college performance, we first address two logically prior questions. First, did the mandate have any effect on patterns of course-taking in high school? After all, if course-taking was not affected, it is very unlikely there could be any other ramifications. Second, if the new requirement did affect course-taking, did it influence the rate of high school graduation? We take up the second question in section 8. To get at the first question, it is helpful to recount some of the details surrounding the policy and the timing of its rollout.
As noted above, the university system's governing board officially increased the number of math courses required for admission to UNC from three to four in April 2000. The new requirement would apply to all students graduating from high school in the 2005-06 school year or after. But the two cohorts immediately ahead of that class could have been affected if school districts made changes as a result of the announced policy. In the weeks following the decision, the UNC system president alerted state leaders, and plans were made to hold town hall meetings around the state to discuss implementation. By November, a statewide committee had been formed to explore ways to modify high schools' math sequences.
12 Given this timing of events, the very earliest any district or high school in the state could possibly have made changes to accommodate the new policy would have been the fall of 2000, changes that would allow any ninth graders starting that fall to achieve the four-course standard. For students whose anticipated sequences of courses would have left them short of that new standard, those sequences would need to change. Based on our terminology, these new ninth graders in the fall of 2000 were members of the 2000 eighth-grade cohort. They were the first cohort whose math courses could have been influenced by the policy-and then only if their districts were eager to adopt the new standard before it became a requirement. A district did not have to make changes this fast, of course, since the state provided for a two-year transition period. If a district waited until the last minute to comply with the new four-course standard, it would have to make any necessary changes in time to accommodate ninth graders starting high school in the fall of 2002; these ninth graders were members of the 2002 eighth-grade cohort.
Because of the two-year interval between the announcement of the new policy and its actual enforcement, we have the opportunity to examine the pure effect of increased math course-taking before the policy's layer of enforcement took hold. Unlike the 1999 eighth-grade cohort, which had started high school with no hint of the policy change to come, the 2000 and 2001 cohorts knew that the requirement would soon be increased, just not soon enough to apply to them. Although their own entry into UNC would not be imperiled, however, they could nevertheless have been influenced by repercussions in their schools resulting from the policy's announcement. Districts could well have made changes in the timing and coverage of their math courses in anticipation of the new requirement. Parents and students could have realized that education leaders believed it was desirable to take more math courses. Whatever the mechanism, increases in math course-taking by students in these two transition-period cohorts-which 12. Information on minimum course requirements can be found at https://admissions.unc.edu/minimum -course-requirements/.
came about without any change in formal entry requirements-could have real consequences. These amount to a pure course-taking effect. But for cohorts after 2001, the state's new policy added teeth to this pure course-taking effect, in the form of the penalty associated with noncompliance: denial of admission to UNC. To summarize, we can identify three phases. First, for eighth-grade cohorts up to and including 1999, the increase in minimum courses in 2000 should have had no effect, because it had neither been adopted nor announced. Second, for the 2000 and 2001 cohorts in the transitional period, the policy change could have had an effect, but only by way of induced increases in course-taking, not by any threat of penalty if the new standard was not met. Third, the new minimum would have had its full effect beginning with the 2002 cohort, by laying the sanction on top of the induced increase in math course-taking.
During the second and third of these periods the policy was unlikely to have influenced the course-taking of all students equally. The highest achieving students were most likely already planning to take four math courses in high school. For most of them, the policy was unlikely to have had a large effect. At the other end of the achievement spectrum, many students were probably not going to take more than one or two math courses in any case. So they were similarly unlikely to be influenced by a policy that mandated four. Consequently, we would expect the effect to be largest, if it showed up anywhere, in the middle quintiles, where students were already on the borderline between taking three or four math courses.
To see whether the policy appears to have affected course-taking, we examine trends for the state as a whole in the percentage of students who had completed Algebra II by eleventh grade (our proxy for the ability to achieve the four-course standard). We examine the span of years over which the policy would have had its biggest effect, with its combination of the course-taking and the enforcement effects. If the new four-course standard had any effect on course-taking, therefore, we would expect no unusual increases up to 1999, an appreciable increase between 1999 and 2002, and no unusual increases after 2002. Essentially, this progression was like an interrupted time trend. Any increases in course-taking before 2000 or after 2002 could not be due to the policy. Figure 1 shows trends for each quintile, beginning with students in the 1999 cohort and ending with those in the 2006 cohort. We indicate with a vertical line the division between cohorts whose course-taking could reasonably have been increased and cohorts for which we expect no boost because they encountered no change in the minimum number. As shown in figure 1, all but one quintile (the fifth) manifest the pattern we would expect if the mandate had an effect on course-taking: an increase between the 1999 and 2002 cohorts, followed by no increase. Although these patterns do not prove the increase in the minimum course requirement caused the observed change in course-taking, the patterns are certainly consistent with that hypothesis. For the top quintile, however, little if any change in course-taking is evident, suggesting that the policy probably had very little impact on the sequence of math courses taken by high-achieving students. Table 1 provides a closer look, by quintile of math achievement, at the changing share of students who took Algebra II by eleventh grade. By looking separately at each quintile, we can test our intuition that the mandate would have had a bigger effect on some quintiles than others. A rough test for whether the policy had any bite is to compare the change in course-taking during the three-year window when it would have had its maximum impact with the subsequent three-year window, by which time the policy should have been wholly incorporated and thus not likely to cause additional increases in math courses taken. For all students, the share who had taken Algebra II by eleventh grade increased from 53.1 percent for the 1999 cohort to 60.8 percent for the 2002 cohort, an increase of nearly 8 percentage points. Over the next three years, by contrast, that share did not increase, actually falling by 0.4 percentage points, a pattern consistent with the hypothesis that the four-course mandate did push districts and schools to increase the number of foundational math courses students took in high school. When examined by quintile, these comparisons strongly suggest that the policy had its principal effect at the bottom and middle of the math aptitude distribution, not at the top. For each of the bottom three quintiles, t-tests show that increases in the propensity to take Algebra II were larger between the 1999 and 2002 cohorts than over the subsequent three cohorts. Notably, the rate of taking Algebra II by eleventh grade by students in the highest quintile actually increased in the latter period, a pattern unlikely to have been the result of the new minimum course requirement.
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Given the considerable autonomy accorded to local school boards, even in states with more than the average amount of central control, such as North Carolina, practices often differ across districts. When we look beneath the state totals in figure 1, we behold a good bit of variation in our course-taking proxy, both in the propensity of students in a given quintile to take Algebra II by eleventh grade and in its change over time. To illustrate this variation, figure 2 shows a scatterplot that compares, for the middle quintile of students, this percentage for the 1999 and 2002 cohorts, that is, for the last cohort untouched by the new mandate and the first cohort for whom the mandate would have its maximum impact. We plot these percentages for the state's five largest school districts (Wake County, the district containing Raleigh; Charlotte-Mecklenburg; Cumberland, containing Fayetteville; Guilford, containing Greensboro and High Point; and Winston-Salem/Forsyth), and we split the remaining one hundred ten districts by urban and rural, divided among the state's three regions: mountains, Piedmont, and coastal plain (or coastal).
14 As this scatterplot shows, North Carolina's school districts differed in the share of students in the 1999 cohort who had taken Algebra II by eleventh grade. Most districts had increased this share by the time their 2002 cohort had completed eleventh grade, but by varying degrees. Whereas 44 percent of quintile 3 students in the 1999 cohort in rural mountain districts had achieved it, the share who did so in Charlotte-Mecklenberg was 75 percent. Of greater significance is the fact that the share of students taking Algebra II by eleventh grade increased between the 1999 and 2002 cohorts in all districts and district groups, signified in the graph by points above the diagonal line. Figure 3 shows the corresponding scatterplots for all five quintiles. A comparison of these five graphs clearly reveals two regularities. First, the share of students taking Algebra II by eleventh grade differed markedly by quintile. Second, in all but the top quintiles this share increased between the 1999 and 2002 cohorts in all of the large districts and all of the district groups. The tendency for these shares to increase suggests-but 13. Unless it reflects that the laggard districts in the east and west finally got their courses set up for students who wanted to take the required four. 14. For a description of these regions and a list of counties contained by each, see Clotfelter, Ladd, and Vigdor (2003, figure 1 and table A.1).
Notes: In addition to the state's five largest districts, percentages are recorded for six district groups: rural coastal, rural Piedmont, rural mountain, urban coastal, urban Piedmont, and urban mountain. Students were divided into quintiles based on their 8th-grade math end-of-year test scores. Cohorts were defined according to the year students finished 8th grade. does not prove-that the new mandate had an effect, albeit a varying one, on districts and their students. For the top quintile, the story was quite different. As shown in the last panel of figure 3 , the share of quintile 5 students who had taken Algebra II by eleventh grade was already high before the policy was announced-89 percent or more in all districts and district groups in 1999-and that share hardly budged in most districts after the new standard was announced. The only sizable change was an increase of nearly 6 percentage points in rural coastal districts.
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Was the new policy responsible for the changes observed? It seems likely that it was, at least to a large extent. But it is impossible to tell for sure, because at the same time that districts were responding to the newly promulgated standard for admission to the UNC system, educators across the country were being urged to increase the rigor of math education. Ultimately, it is impossible to disentangle the effects of the policy from this growing sentiment in education circles.
15. To review the changes at all quintiles, Appendix Notes: In addition to the state's five largest districts, percentages are recorded for six district groups: rural coastal, rural Piedmont, rural mountain, urban coastal, urban Piedmont, and urban mountain. Students were divided into quintiles based on their 8th-grade math end-of-year test scores. Cohorts were defined according to the year students finished 8th grade. In the remainder of the paper, we ask whether changes in the math course sequences offered by districts across the state, whatever their origin, affected students' high school completion, their rates of entry into any university in the UNC system, or their success once there.
INSTRUMENTAL VARIABLES APPROACH
Given the two-year transition period between initial announcement and total implementation of the increase in minimum required math courses, we undertake separate estimates of the effect of math course-taking, with the first set based on the behavior of the cohorts who came along during the transition period, and the second set based on later cohorts. The first set of estimates reflects the pure effect of course-taking; the second reflects the combined effects of course-taking and the penalties imposed on students not taking the new minimum number of math courses. All of what follows in this section applies equally to the estimation we undertake separately for each of these two sets of cohorts.
We observe successive cohorts of students in North Carolina in one hundred fifteen different districts whose high schools subjected their students to math course sequences with differing degrees of rigor. Purely as a result of a student's year of birth and residential location, a student could have faced different probabilities of encountering a sequence of math courses that would enable that student to have the opportunity to qualify for admission to any university in the UNC system. Thus, the rigor of the math course sequences confronting any student was exogenous to that student, since it was not influenced by her own actions.
To assess the effect on various outcomes arising from the state's decision to require another math course, this logic suggests an IV setup in which a natural instrument for a student's math course-taking experience is the district-wide share of students in that student's quintile who took Algebra II by eleventh grade. This approach is similar in spirit to those taken by Rose and Betts (2004) and Clotfelter, Ladd, and Vigdor (2015) . 16 We estimate a series of IV, quintile-specific equations via two-stage least squares (2SLS). We explain outcome Y s jt for student s in district j and cohort t (for example, enrollment in one of the UNC campuses) as a function of MC s jt , an indicator for whether that student had completed Algebra II by eleventh grade, plus a vector of student characteristics X s jt (including gender, race and ethnicity, eligibility for free or reduced-price meals, parental education level, and eighth-grade end-of-grade test scores in math and reading), district fixed effects (θ j ), and cohort fixed effects (θ t ). In addition, we add a control to capture a student's ease of attending an institution in the UNC system (measured by the square root of distance to the campus from the center of the student's home county).
16. Rose and Betts (2004) explore effects on earnings from high school credits in various subject areas. Clotfelter, Ladd, and Vigdor (2015) assess the effects on a range of outcomes from taking Algebra I in eighth grade. We also tried an instrument consisting of a multitude of indicator variables denoting district-by-cohort combinations (for each quintile), but for its simplicity and ease of interpretation we settled on the share of all students in a student's own district, cohort, and achievement quintile who had taken Algebra II by eleventh grade. This proportion has the same desirable feature of being an indicator of the "rigor" of a district's math program, an indicator that depends only on the year a student was born and the district where he or she resides. Although not fully exogenous to the student, since each student's own course-taking will be reflected in these proportions, it is virtually so because of the numbers of students in the cells we use. To guard against meaningful dependence or erratic swings, we exclude district by quintile cells wherever the number of students in any cohort falls to ten or fewer (these omitted observations amount to 2 percent of the larger sample). The resulting IV estimates are very close to those using the alternative, multitude-of-indicators instrument. For a critical assessment of instrument proliferation, see Roodman (2009).
With the indicator MC s jt replaced by the fitted value from a first-stage regression, given below in equation 2, the equation of interest for each quintile group is
Because the indicator MC s jt is endogenous, we use an IV approach that has as its firststage equation
where ρ jt represents the share of students in district j and cohort t who completed Algebra II by eleventh grade, and X s jt is the vector of student characteristics described above. δ j and δ t are district and cohort fixed effects, respectively, and ω s jt is a stochastic error term. 17 We use predicted values from equation 2 in place of actual treatment status in our second-stage, quintile-specific equations of form 1.
The causal interpretation of any results that flow from this approach turns on two identifying assumptions. First, our instrument must be correlated with the "treatment" of interest. The statistical significance of first-stage estimates that relate the district-wide share variable to students' individual propensities to complete Algebra II by eleventh grade should be sufficiently high. We concluded that it is, based on the magnitude of the F-statistics for the instrument in the first-stage equations explaining Algebra II completion, which all exceed two hundred and are statistically significant at less than the 1 percent level.
The second assumption underlying our claim of causal connection is that the instrument affects the outcome of interest (e.g., college enrollment) only through its influence on the treatment. In our case, this identifying assumption requires that the variation in the quintile-specific rigor of districts' math offerings over time (net of all other included covariates) has no relationship to college-going, or whatever outcome we are examining, other than through an individual student's propensity to take Algebra II by her junior year of high school. The goal of the IV approach is to excise the portion of the effect of meeting this math course-taking milestone that is due to ability or other hard-to-measure individual traits. Our earlier course-taking analysis suggests that a good portion of the district-by-cohort variation in Algebra II enrollments is indeed a consequence of the UNC system-wide policy change and districts' varying responses to it. Thus, we use this plausibly exogenous variation to predict students' actual course-taking.
To be sure, it is possible to imagine alternative avenues through which the policy change might have influenced the academic environments of students of similar ability levels. For example, if quintile-specific, district-wide changes over time in the share of students completing Algebra II by eleventh grade are systematically related to coursetaking behaviors of students in other, non-math subject areas, our estimate of the effect of math course-taking might partially reflect a wider curricular change. We explore this , 2001, 2002, 2003, 2004, 2005, 2006 concern in table 2, which presents results from quintile-specific models that look very similar to equation 2, except now the outcome is the instrument, the share of students in a district and cohort that completed Algebra II by eleventh grade, and the key independent variables of interest are student-level indicators for completion of two science courses by eleventh grade: Physical Science and Physics. We have reliable data on the end-of-course tests for both of these courses over our study period. High-achieving students are more likely to take Physics and those in the middle to lower-middle of the baseline achievement distribution are more likely to take Physical Science. 18 Conditional on the fixed effects and covariates in our model, we see no evidence that course-taking in science, as proxied by these courses, is systematically related to our instrument.
This lack of statistical significance is encouraging and rules out an important source of potential bias, but it does not rule out all possible biases. For example, if the postsecondary policy pronouncement altered aspects of how high school math courses were delivered within districts over time (beyond increasing the share of students taking Algebra II by eleventh grade), our two-stage least squares estimates would partially reflect the effects of those changes as well. Perhaps post-policy Algebra II differed from prepolicy Algebra II in terms of peers, teachers, or class sizes. Though such channels can be thought of as pieces of the overall effect of the policy, they also represent an important limitation to bear in mind as one considers the results that flow from our IV approach.
If the two identifying assumptions hold, β in equation 1 gives the effect (for a student in a particular quintile) of completing Algebra II by eleventh grade on the likelihood of outcome Y s jt , compared to her counterpart who did not complete that critical math course by eleventh grade. We cluster standard errors at the district level to account for the nesting of students within schools and schools within districts.
EFFECTS ON HIGH SCHOOL GRADUATION
Before any effects it might have on college-going or success in college, the toughening of entrance standards for the state's public colleges could well have increased the rate of high school graduation. If it did, the likely mechanism would be by way of an increase in the amount of math taken by high school students. The question we pose in this section is whether the increase in math that we illustrated in figure 1 actually led to a higher rate of high school graduation. We conclude that it did. Our evidence for this conclusion is shown in table 3, with the results of most interest being the predicted impacts of the policy change on high school graduation. To calculate these predicted changes, we multiply the quintile-specific coefficients that emerge from the IV analysis by the change in math course-taking for students in that quintile (proxied by the share of students who had taken Algebra 11 by eleventh grade). Thus, the predicted effect on the high school graduation rate between 1999 and 2001 for quintile q was calculated as 
is the proportion of all quintile q students in cohort t who took Algebra II by eleventh grade. We multiply changes in this share over the time period of interest by the corresponding coefficient (β q ), which yields the predicted effect of the policy change on high school graduation. These predicted effects are reported in the third column of table 3. They suggest that the policy change increased high school graduation rates in every quintile, ranging from more than one percentage point (0.01) in quintiles 1 and 2 to less than a half of a percentage point in the top quintile.
19 Modest though they are, these increases in high school graduation could be counted as the most important benefit of the state's increase in the minimum course requirement.
EFFECTS ON PATTERNS OF UNC ENROLLMENT
Turning to our analysis of enrollment effects of the increase in minimum courses, we begin by noting that our analysis is necessarily limited because we have college enrollment information only for students who went to one of the public four-year colleges in North Carolina. That is, we do not capture postsecondary enrollment in private or outof-state institutions. Thus, any changes we observe in the likelihood of enrollment in UNC institutions reflect students' choices not only among UNC institutions, but also their choices regarding community college, out-of-state institutions, or whether to go to college at all.
Although the state's four-year public universities share a common name, are governed by a single board of governors, and are presided over by a single president, the reality on the ground is fifteen separate institutions. No assessment of the effect of increasing the number of required math courses can ignore this reality. The more rigorous math standard is likely to have had different ramifications across those fifteen separate institutions in part because of regional differences. To the extent that school districts responded differentially to the policy pronouncement, a branch campus that normally relies (for many of its students) on a laggard district in the mountains or the coast, for example, would have been disadvantaged in comparison to the universities that serve the more responsive urban districts.
Another reason to expect effects to differ across the various branches is that the various campuses tend to draw students from different parts of the achievement distribution. To illustrate just how large these differences are, table 4 reports, for the 1999 eighth-grade cohort, the percentage distribution of entering students by eighth-grade end-of-grade math tests for each of the fifteen institutions. Whereas 86 percent of UNC Chapel Hill's entering students from North Carolina scored in the top quintile on that eighth-grade test, the comparable percentage at the median university (Western Carolina University) was just 32 percent, and it was less than 10 percent at five of the fifteen institutions.
We estimated IV models for each quintile for each of the two major research universities, UNC Chapel Hill and North Carolina State University (NC State). In addition, we combined the remaining thirteen institutions into two groups. One group consisted of the five historically black colleges and universities (HBCUs) plus UNC Pembroke, the other minority-serving institution in the state system. The remaining seven, predominantly white institutions made up the other group. We likewise estimated IV models for these two groups by quintile.
We estimated the resulting twenty equations (five quintiles, four university groups) using data for the earlier, transitional cohorts, who were encouraged to take more math but were not punished if they did not (2000 and 2001, with 1999 as the pre-policy 19. We caution the reader in the standalone interpretation of results for quintile 5 students because the statewide share of such students who complete Algebra II by eleventh grade is very high. Thus, district-by-year variation in these high shares represents odd cases of students of this type. comparison cohort). 20 Each model produced an estimate of the effect of increased rigor (increased probability of taking three math courses by eleventh grade). Those estimated coefficients are presented in table 5, panel A. A second set of regressions, shown in table 5, panel B, covers the cohorts that felt the full force of the new minimum, the cohorts beginning with 2002. These regressions also include 1999 as the pre-policy comparison.
Consider first the pure effect of the increased math course-taking in panel A. Virtually all of the estimated coefficients are positive, implying that, other things equal, completing Algebra II by eleventh grade would raise the chance that a student will enroll in one of the state system's fifteen branches. Table 5 , panel B, presents the corresponding set of estimated coefficients showing the combined effect of course-taking and the requirement for admission.
Although the estimated coefficients in table 5 serve as guides to the expected effect of completing Algebra II by eleventh grade on the likelihood of enrollment at a UNC institution for a typical student in each quintile, they provide less insight about the magnitude of predicted changes in the overall enrollment rates of students in a particular quintile at a UNC institution as a consequence of changes in math course-taking patterns. Such estimates carry the greatest policy import, since we are primarily interested in the overall effects of the policy on college-going in North Carolina. Therefore, we 20. Appendix table A.6 shows illustrative ordinary least squares regressions of equation 1, in which we do not instrument for the indicator denoting Algebra II completion by eleventh grade. UNC CH = University of North Carolina Chapel Hill; NCSU = North Carolina State University; OtherPWI = other predominantly white institutions; HBCU+ = historically black colleges and universities plus other minority-serving institutions.
combine our point estimates in table 5 with observed changes in the shares of students by quintile who completed Algebra II by eleventh grade, so as to convert the estimates into predicted impacts on enrollment rates by campus groups. We do so in a fashion analogous to the process outlined in equations 3 and 4, where the outcome is now enrollment in any UNC system university or a specific campus or campus group. Panel A of table 6 presents the predicted percentage point change in enrollment by campus due solely to the induced increase in math course-taking.
Turning to the total effect of the new policy on enrollment, panel B of table 5 shows the estimated effects of taking Algebra II by eleventh grade, and panel B of table 6 presents the corresponding predicted percentage point increases in enrollment by campus. These predicted enrollment effects are, as expected, generally larger than those for the induced course-taking alone. For example, the predicted effect of the policy in the fourth quintile of enrolling at NC State is 0.31 percentage points. By quintile, the UNC CH = University of North Carolina Chapel Hill; NCSU = North Carolina State University; OtherPWI = other predominantly white institutions; HBCU+ = historically black colleges and universities.
policy is predicted to boost enrollment rates the most for quintiles 2 to 4, but these newly stimulated college-goers were not evenly distributed across all branches. For the six minority-serving institutions (HBCU+), the bulk of increases resulting from the tougher math standards are predicted to come from students residing in the lower quintiles. 21 For the remaining seven predominantly white institutions (the OtherPWI group), the biggest predicted increases are in the middle ranges of the baseline math achievement distribution. And for the top-ranked universities (UNC Chapel Hill and NC State), the beefed-up math requirement is predicted to boost enrollment the most for quintile 4 students, but for UNC Chapel Hill the effect is vanishingly small. To the extent that the new policy encourages more above-average-aptitude students to take more math, the predicted result is a boon for NC State and the OtherPWI group of institutions. As noted above, we view the estimates for quintile 5 as necessarily less reliable because of the high share of students who had already been taking four math courses before the policy change and the subsequent stability in that high share as the policy was implemented. Note that the predicted effects tend to be much larger for the two 21. As noted in Appendix table A.1, the five HBCUs in the University of North Carolina system are North Carolina A&T, North Carolina Central, Elizabeth City State, Fayetteville State, and Winston-Salem State. UNC CH = University of North Carolina Chapel Hill; NCSU = North Carolina State University; OtherPWI = other predominantly white institutions; HBCU+ = historically black colleges and universities.
collections of universities, since they combine enrollments for all of the universities in each of those groups.
As a reality check, we computed the actual changes in enrollment rates to see how they compared to these predicted effects of the policy. These actual rates are shown in table 7. The contrast is noteworthy. For the system as a whole, the quintiles of students that actually saw the biggest increases were the top two quintiles. Evidently other forces were at work besides the decision to increase the minimum course requirement and, all told, these other forces were much larger than the effect of the increase in the minimum course requirement. That the policy's effect was overwhelmed by other influences should not obscure the fact that the policy did in fact exert an across-the-board positive effect on predicted college enrollment.
PERFORMANCE AS UNC STUDENTS, CONDITIONAL ON ENROLLMENT
We now turn to the possible effects of the change in the minimum course requirement on students after they enroll in a UNC branch. We examined students' academic progress, their choices of major, their grades, and whether they graduated in four years, all conditional on having enrolled at one of the fifteen campuses in the UNC system. We made no effort to account for possible bias due to selection between the UNC system and other alternatives, including not going to college. The question we pose here is, what was the effect, if any, on various outcomes of taking more math courses in high school? To focus entirely on the effect of the increase in math courses taken, we estimate these models for the 1999-2001 cohorts, before the math requirement could have constrained admission decisions. Consistent with our approach for enrollment patterns, we estimate models separately by quintile. In table 8 we present the estimated effects of taking Algebra II by eleventh grade separately by quintile. To bypass the added complication of accounting for selection among UNC branches, we make these assessments without accounting for which branch of the university a student attended.
Requiring students to take more math in high school could affect success in college in at least two ways. First, the policy might improve students' chances of succeeding academically once in college because of their improved math skills. Alternatively, the policy might lead to declines in measured success if it induces marginal students to enroll in institutions that they would not have otherwise attended. It would not be surprising if these newly induced students struggle academically. To see which relationship predominates, we estimate our preferred model using several measures of academic success.
One is a binary outcome that measures whether a student had achieved junior status two years after first enrolling at a UNC campus. 22 As shown in column 2 of table 8, the increased math course-taking appears to have no statistically significant connection to this measure of academic progress in colleges.
Another possible outcome of more math in high school is to increase the number of students who will, in college, decide to major in a STEM field (science, technology, engineering, and mathematics). To assess that possibility, we estimated one set of linear probability models explaining students' first declared major, and another set of models explaining their last declared major. 23 In only one quintile do we find a statistically 22. We define "junior status" as having earned at least 60 credits two years after a student's initial enrollment in a UNC-system institution. 23. We determine the earliest-declared major via Classification of Instructional Programs (CIP) codes for each student. In our sample, there were 130,588 students whose CIP codes were available for at least one class level significant relationship between more math in high school and the declaration of a STEM major in college, that being in quintile 3, and then only for the initial declaration of major. As for final grade point average and rates of graduation, we find no notable effects.
HETEROGENEOUS EFFECTS
We were interested in whether the estimated effects differed by race or gender. Specifically, we first compared the effects of the minimum math course requirement on enrollment rates for non-Hispanic black and white students and for men versus women. By comparison to the coefficients in table 5, panel B, those for black students (shown in panel A of Appendix table A.4) are strikingly larger at the minority-serving institutions. In addition, these enrollment effects for black students at the minority-serving institutions are significantly larger than the corresponding coefficients for white students, and the same can be said for students in all but the top quintile. So large was this inducement for black students to enroll in minority-serving campuses that the overall enrollment rate for black students in the UNC system increased more than for white students in three of the five quintiles: 1, 2, and 4. For white students, we observe a similar but less emphatic disproportionality, with their estimated enrollment effects being significantly larger than for black students, in quintiles 1 and 4, at NC State and in quintile 3 at the predominantly white campuses. These estimates highlight a racial aspect of the impact of the state's toughened minimum course requirement: It boosted enrollments in ways that solidified existing racial enrollment patterns. We also looked for evidence of heterogeneity by gender in enrollment effects of the course requirement, but found virtually none. Only in quintile 2, where the policy boosted enrollment at NC State by women more than men, was there a statistically significant difference in enrollment effects by gender. 
CONCLUSION
In 2000 the state of North Carolina announced it would increase the minimum number of high school math courses students would need to be eligible for admission to any four-year public college in the state. This policy change could have had at least four effects. First, it could have led to an increase in the number of math courses students take in high school. Second, it could have affected the rate of high school completion. Third, it could have influenced patterns of enrollment across the various branch campuses in the University of North Carolina system. Fourth, by strengthening the math preparation of students, it could have affected students' choices of major or improved their performance in college. We examine each of these four questions in this paper, using student-level administrative data. Because we do not have information on all of the courses students took in high school, we adopt as a proxy for the ability and intention to take four math courses on whether students had taken Algebra II by eleventh grade.
(e.g., first year, second year, third year, fourth year). For 61 percent of these students, we observe their first CIP code in their first year of college. The shares of students for whom their first available CIP code appears in their second, third, or fourth years are 15 percent, 21 percent, and 3 percent, respectively. 24. See Appendix tables A.4 and A.5 for the estimated coefficients.
Because the state allowed schools two years to prepare for this new requirement, two cohorts of high school students were made aware of the state's heightened expectations without actually facing the prospect of being refused admission if they did not take the required four math courses. For these cohorts, we can observe the pure effect of increased math course-taking in high school, unaffected by the threat of being refused admission. Subsequent cohorts experienced both the effect of increased course-taking and the threat of sanction for failing to meet the new standard.
We find first that students did take more math courses in high school following the state's announcement of a new standard. Not surprisingly, however, the increase was not uniform because even before the new policy was announced many students with high math aptitude had already been taking enough math in high school to have finished Algebra II by eleventh grade. That share was higher in some districts than in others, even for students with similar math aptitude. Starting at different places, districts made changes in response to the new requirement, and these changes affected students within each district in different ways, depending on their cohort and achievement quintile. Indeed, these variations in responses allow us to determine the other three types of effects. These variations created a natural experiment in which students across the state were exposed to math instruction regimes of varying rigor, simply as a function of where they lived, when they had been born, and how proficient they were in math. As for the increases across the state in the number of students exposed to this increased rigor, the timing and rapidity of the increases suggest that the state's announcement was the cause. But we cannot know for sure whether other influences, such as discussions among education experts across the country, also had a hand in these increases. To address whether the increases in math-taking and the subsequent admissions requirement affected patterns of high school graduation, we estimated a series of IV models predicting on-time completion of high school as a function of whether a student had taken Algebra II by eleventh grade. Similarly, we investigated the effect of the new minimum course requirement on enrollment with a series of IV models predicting enrollment at the two major research universities or two groups of other campuses as a function of whether a student had taken Algebra II by eleventh grade. These models imply that the policy led to increases in high school graduation. These effects are statistically and socially significant, if apparently modest in magnitude. As for enrollment rates, the largest increases were in quintiles of student achievement from which branch universities were already drawing the bulk of their students. Thus, for the state's top universities, the policy did not have the effect of opening the door to large numbers of students at lower achievement levels who had previously not applied or not been admitted because of their high schools' limited math offerings. It did, however, mean that newer cohorts of entering students had better math training than those of the recent past. This paper's most important implication for policy makers is one that may strike some readers as obvious: A policy enacted at one level in a state's education system may well have meaningful outcomes on another level. In the case we examined, a change in college admissions standards became, in effect, the tail that wagged the dog throughout the state's high schools. High schools did not wait for the full force of the requirement to kick in before acting. Almost immediately, many districts began adjusting upwards what would henceforth be considered a normal math sequence in high school. That kind of response could well have been the state's very aim. Whether or not it was, the state's decision to increase the minimum number of math classes at the UNC system had effects that were felt right away in many of the state's high schools. A second implication arising from the paper is that changes in requirements such as the ones instituted by North Carolina may influence college enrollment patterns in ways that are anything but obvious. The boosts in enrollment we observed that arose from the stronger math preparation, for example, built upon existing patterns of college enrollment rather than opening new paths to the state's top research universities. Nomi, Takako, and Elaine Allensworth. 2013 Notes: Students were divided into quintiles based on their eighth-grade math end-of-year test scores. Cohorts were defined according to the year students finished eighth grade. See table 4 for definitions of branch universities and university groups. *** Statistical significance at the 0.01 level.
APPENDIX
UNC CH = University of North Carolina Chapel Hill; NCSU = North Carolina State University; OtherPWI = other predominantly white institutions; HBCU+ = historically black colleges and universities.
